One sentence summary: Modification and application of different components of cyanobacterial CO2-fixing systems, for CO2-derived chemical production.
INTRODUCTION
Industrialization has led to a greater demand for petroleumbased products, producing historically high atmospheric CO 2 levels (Sabine et al. 2004) . In response to this, biological methods of CO 2 capture have gained interest for their adaptability and environmental compatibility (Angermayr et al. 2014; Oliver et al. 2016) .
One of the most promising organisms for CO 2 capture is cyanobacteria (Berla et al. 2013; Nozzi, Oliver and Atsumi 2013; Case and Atsumi 2016) . Biosequestration strategies harness cyanobacteria's photosynthetic system to uptake and convert CO 2 into bioproducts. Additionally, using metabolic engineering, new biochemical pathways can be created to redirect sequestered carbon into chemical production pathways ( Fig. 1 and Table 1 ) (Oliver and Atsumi 2014; Hays and Ducat 2015) . This review will highlight metabolic engineering efforts that convert CO 2 into industrially relevant compounds and fuels, as well as studies of modified carbon flux for improved CO 2 fixation and chemical production (Fig. 1) . Particular focus is given to 2,3-butanediol, one of the most studied compounds for biological CO 2 recycling. This review does not cover all chemicals produced in cyanobacteria, but a more comprehensive list can be found in other reviews such as Case and Atsumi (2016) . It will also describe the key components and improvements of the CO 2 -concentration mechanism (CCM) in cyanobacteria, which facilitates the integration of inorganic CO 2 (Fig. 2) . Native and heterologous pathways in cyanobacteria for chemical production. End products and enzymes discussed in the text are highlighted in blue and red, respectively. 13PD, 1,3-propanediol; 23BD, 2,3-butanediol; 2MB, 2-methyl-1butanol; 2PGA, 2-phosphoglyceraldehyde; 3HP, 3-hydroxyproprionic acid; 3PGA, 3-phosphoglyceraldehyde; 6PG, 6-phosphogluconate; ADH, alcohol dehydrogenase; AcCoA, acetyl-CoA; ALDC, aldolase decarboxylase; ALS, acetolactase synthase; DHAP, dihydroxyacetone phosphate; F6P, fructose-6-phosphate; G6P, glucose-6-phosphate; GalP, galactose permease; GAP, glyceraldehyde-3-phosphate; GND, 6-phosphogluconate dehydrogenase; NADPH, nicotinamide adenine dinucleotide phosphate; PEP, phosphoenolpyruvate; PGM, phosphoglyceromutase; PRK, phosphoribulokinase; PYR, pyruvate; R15P, ribulose-1,5-bisphosphate; Ru5P, ribose-5-phosphate; RuBisCO, ribulose-1,5-bisphosphate carboxylase/oxygenase; ZWF, glucose-6-phosphate dehydrogenase Table 1 ). Ethanol has been produced in high titers and improved productivity at 5.5 g/L and 212 mg/L/day, respectively, in Synechocystis 6803 (Gao et al. 2012) . Isopropanol and 1,3-propanediol, monomers for industrial polymer synthesis of plastics and fibers, have also been produced in S. elongatus 7942 at titers of 27 mg/L after 9 days and 288 mg/L after 14 days, respectively (Kusakabe et al. 2013; Hirokawa et al. 2016) . 1-Butanol was produced in S. elongatus 7942 (Atsumi and Liao 2008; Lan and Liao 2011) . Examination and characterization of CoA-acylating aldehyde dehydrogenases that are oxygen tolerant enabled production of aldehydes from various acyl-CoAs. The final titer of 404 mg/L was achieved with productivity of 2 mg/L/h (Lan, Ro and Liao 2013) . Branched alcohols like 2-methly-1-butanol have also been produced in S. elongatus 7942 (Shen and Liao 2012) . Frequently used substrates for industrial processes, such as isobutyraldehyde, lactic acid and 3-hydroxypropionic acid, have also been successfully produced in S. elongatus 7942 and Synechocystis 6803 through the integration of biosynthetic platforms ( Fig. 1 and Table 1 ) (Atsumi, Higashide and Liao 2009; Angermayr et al. 2014; Wang et al. 2016) . The production of isobutyraldehyde reached 1.1 g/L over 7 days with a rate of 6 mg/L/h (Atsumi, Higashide and Liao 2009) . Lactic acid, a widely used compound in food, pharmaceutical and polymer industries, was optimized for production in Synechocystis 6803 (Angermayr et al. 2014) . This particular strain yielded a titer of 0.8 g/L after 2 weeks. 3-Hydroxypropionic acid can also be produced in Synechocystis 6803 at 0.8 g/L after 6 days (Wang et al. 2016) .
2,3-butanediol (23BD), an important chemical required for manufacturing rubber and polyurethane commodities, is a prime example of a chemical being optimized in its production in S. elongatus 7942 ( Fig. 1 and Table 1 ) . A pathway from CO 2 fixation to 23BD was created in S. elongatus 7942 through integration of three genes encoding acetolactate synthase (ALS), 2-acetolactate decarboxylase (ALDC), and secondary alcohol dehydrogenase (sADH) . Acetoin is produced from pyruvate via 2-acetolactate through the enzymes ALS and ALDC. Although acetoin accumulation impedes cellular growth, it is quickly reduced by a highly active sADH from Clostridium beijerinckii to form 23BD. This enzyme is also selective for the production of (R,R)-23BD enantiomer. The maximum production rate of 23BD was 10 mg/L/h with a final titer of 2.4 g/L sustained at 21 days .
In the exogenous pathway described above for 23BD production in S. elongatus 7942, titers were still too low to be economically profitable and competitive against current petroleum chemicals. Synthetic biology techniques, which alter transcription and translation rates in model microorganisms such as Escherichia coli, is useful in optimizing cyanobacteria systems. Optimization of the expression levels of the 23BD pathway genes was explored in 23BD production by comparing four varying strengths of ribosome binding sites. By this strategy, the productivity of 23BD increased by 1.8-fold .
Carbon sinks can also be used to increase carbon fixation efficiency from the Calvin-Benson (CB) cycle reactions. A carbon sink converts inorganic carbon into a compound that can be secreted by the cell and is not consumed by central metabolism, promoting the sequestration of additional CO 2 and limiting its release back into the atmosphere (Oliver and Atsumi 2015) . An example of an enhanced carbon sink in S. elongatus 7942 is sucrose production (Ducat et al. 2012) . Heterologous expression of E. coli cscB encoding a sucrose and proton symporter in S. elongatus 7942 allowed for the exportation of cytosolic sucrose in high salt and high pH culturing conditions. Expression of cscB resulted in increased biomass productivity, and upregulated photosynthetic activity for up to 2 weeks. Increased flux of G1P toward sucrose was achieved by knocking out the glycogen synthase gene, glgA, and invertase gene, invA. The double knockout strain had sucrose production maintained over 3 days at the rate of 36 mg/L/h, while carbon flux to biomass in the wild type was 15 mg/L/h (Ducat et al. 2012) .
Similar to the enhancement of sucrose production in S. elongatus 7942, 23BD production was also increased by the expansion of a carbon sink. An integrated high flux pathway was used to siphon fixed carbon into central metabolism for chemical production and cellular growth (Oliver and Atsumi 2015) . Pyruvate, a central metabolite involved in multiple anabolic pathways and a precursor in the 23BD production pathway, is an optimal target in central metabolism to promote increased production of 23BD in S. elongatus 7942. Its concentrations were increased by targeting expression of pgm encoding phosphoglyceromutase, which converts 3-phosphoglycerate from the CB cycle to 2-phosphoglycerate, and expression of pyk encoding pyruvate kinase, which converts phosphoenolpyruvate to pyruvate (Fig. 1) . Expression of Pyk-encoding gene, pyk, but not Pgm-encoding genes, slightly impaired growth, but increased carbon partitioning to 23BD production. The overall improvement of titer compensated for growth attenuation. This carbon sink allowed for a 1.8-fold increase in total carbon yield and a 2.4-fold increase in 23BD production.
Regulation of gene expression can also promote higher titers of 23BD by placing inducible promoters in a strategic gene arrangement (Nozzi and Atsumi 2015) . P L lacO 1 is one of very few inducible promoters that are able to provide tight regulation of gene expression in S. elongatus 7942 (Lutz and Bujard 1997) . The three-enzyme pathway designed for 23BD production (P L lacO 1 :: alsS-alsD-adh) can be optimized with the IPTG-inducible P L lacO 1 to maintain long-term 23BD production and genetic stability (Nozzi and Atsumi 2015) . Testing a range of IPTG induction concentrations showed no growth inhibition. P L lacO 1 placed in front of the gene arrangement alsS-alsD-adh exhibited significant levels of acetoin and 23BD expression in the absence of IPTG induction. This suggested that hidden constitutive promoters were located within alsS and adh. This was supported by the detection of ALS and ADH activity in the absence of IPTG. These constitutive promoters may increase genetic instability, has caused weak expression control of the three-gene cassette and has led to toxic levels of acetoin accumulation when actively induced. Therefore, the gene arrangement of P L lacO 1 :: alsD-alsS-adh would actively express alsD by IPTG induction while indirectly expressing downstream genes alsS and adh. Additionally, placement of alsS before adh enables the hidden promoter in alsS to increase ADH expression, leading to a faster turnover of acetoin to 23BD in S. elongatus 7942.
As an obligate photoautotroph, S. elongatus 7942's carbon sources are limited to fixed CO 2 . Splitting carbon flux into biomass production and into 23BD production limits carbon sources for both metabolic pathways, slowing growth and titers. Additionally, growth utilizing natural sunlight would be limited to lighted hours. For these reasons, supplementation of sugar to production cultures was explored as a way to improve titers and growth, especially during periods of darkness. Additionally, if glucose can be diverted to the CB cycle, it can be used to increase overall CO 2 fixation in S. elongatus 7942 (Kanno, Carroll and Atsumi 2017) .
Because S. elongatus 7942 does not naturally consume sugar, expression of sugar transporters for glucose and xylose was first explored in a non-producing strain (McEwen, Kanno and Atsumi 2016) . Addition of either sugar increased biomass production and 23BD titers under high cell density and diurnal light conditions. The engineered S. elongatus 7942 strains were also observed to function as a heterotroph during long periods of dark conditions. Through sugar catabolism, reducing power was maintained in the form of NAPDH, allowing sustained 23BD production in diurnal conditions. In the fed batch experiment of strains with galP, production of 23BD was maintained for 10 days with a titer of 3 g/L and productivity of 22 mg/L/h. The photomixotrophic strain of S. elongatus 7942 increased 23BD production rates by 2-fold when compared to the autotrophic S. elongatus 7942 strain.
An additional increase in CO 2 fixation and 23BD production can be fostered by a combination of genetic modifications to increase the substrate for RuBisCO and to create a carbon sink that compensates for RuBisCO's poor activity (Kanno, Carroll and Atsumi 2017) . Global metabolic processes were rewired to direct carbon flux into the 23BD pathway (Kanno, Carroll and Atsumi 2017) . As previously explored with success, galP was introduced to enable glucose transportation into the cell for consumption, allowing for photomixotrophic growth. Next, integration of zwf encoding glucose-6-phosphate dehydrogenase and gnd encoding 6-phosphogluconate dehydrogenase of the oxidative pentose phosphate pathway facilitated conversion of G6P to Ru5P, a precursor to RuBP for the CB cycle. Lastly, cp12, a gene that regulates the CB cycle by inhibiting pyruvate kinase and glyceraldehydephosphate dehydrogenase, was deleted. In experiments utilizing 13 C-labeling of glucose, the deletion of cp12 (without oxidative pentose phosphate pathway overexpression) was found to increase the percentage of carbon in 23BD derived from CO 2 from 35% to 53%. When the cp12 modification was combined with oxidative pentose phosphate pathway overexpression, vast improvements were observed in 23BD titer, cell growth and efficiency of glucose utilization. Under continuous light after 12 days, 23BD titer reached 12.6 g/L. This optimization allowed for an average productivity of 44 mg/L/h, compared to the initial 5 mg/L/h in Oliver et al. (2013) . This strain had a yield of 136% of the theoretical maximum yield from glucose alone (0.5 g 2,3BD/g glucose). Under diurnal light production after 8 days, titers reached 5.7 g/L (195% theoretical maximum yield) with 29 mg/L/h in productivity.
CO 2 -CONCENTRATION MECHANISM
Although metabolic engineering has proven to be effective in rerouting fixed CO 2 from the CB cycle into a desired metabolic pathway, the incorporation of inorganic carbon is still heavily restricted at the initial steps of fixing CO 2 in the CB cycle. The availability of inorganic carbon is promoted by the spatial confinement of CO 2 in the CCM (Fig. 2) (Reinhold, Zviman and Kaplan 1987; So and Espie 1998) . The CCM consists of three key components that hydrates and reduces atmospheric carbon into the CB cycle: RuBisCO, carbonic anhydrase (CA) and the carboxysome.
RuBisCO
RuBisCO is an enzyme selective to two substrates: CO 2 and O 2 . As a carboxylase, it splits one molecule of inorganic CO 2 and one molecule of RuBP into two molecules of 3-phosphoglycerate (Andersson 2008) . As an oxygenase, it initiates C2 photorespiration, producing toxic 2-phosphoglycolate and releasing CO 2 . Having poor specificity toward CO 2 over O 2 , RuBisCO is one of the main factors for slow CO 2 fixation (Reinhold, Zviman and Kaplan 1987; Price and Badger 1989; Carmo-Silva et al. 2015) . Rational re-engineering and directed protein evolution of RuBisCO has shown improvement in selectivity (Cai et al. 2014 ). However, this strategy for increasing CO 2 fixation has its limitations (Whitney, Houtz and Alonso 2011). Successful mutants may have higher specificity toward CO 2 , but enzymatic activity of the carboxylation reaction between RuBP and CO 2 is still very slow, occurring at the rate of 3-10 CO 2 per minute (Cai et al. 2014) . Instead of structurally modifying RuBisCO to increase enzymatic activity, overexpression and FLAG-tagging RuBisCO in engineered Synechocystis 6803 strains have helped enhance and stabilize transcription and translation of RuBisCO-encoding genes (Atsumi, Higashide and Liao 2009; Liang and Lindblad 2017) . Subsequently, CO 2 fixation can be enhanced with the overall increase in synthesized RuBisCO enzymes (Kosobokova, Skrypnik and Kosorukov 2016) . Exogenous pathways can also be integrated into cyanobacteria to alleviate the metabolic effects of the undesired side reaction of photorespiration. Heterologous expression of an oxygen-insensitive 3-hydroxyproprionate bicycle in S. elongatus 7942 has been successful in reducing the accumulation of 2-phosphoglycolate, a toxic intermediate of photorespiration (Shih et al. 2014 ). This synthetic 6-enzyme system redirects glyoxylate, a product of 2-phosphoglycolate, by expressing a phosphoglycerate phosphatase and a glycolate dehydrogenase. This system of reactions produces pyruvate and fixes an additional 2 molecules of inorganic carbon in the form of HCO 3 − .
Carbonic anhydrase
CA also heavily influences the catalytic efficiency of RuBisCO by creating a high-CO 2 environment around it. CA mediates the hydration and dehydration of CO 2 and HCO 3 − inside the carboxysome. Both S. elongatus 7942 and Synechocystis 6803 possess prokaryotic B-type CA encoded by icfA and ccaA, respectively, sharing over 55% sequence identity (So and Espie 1998) . Recombinant CcaA isolated in purification fractions containing carboxysomes indicated that a 50-60 aa C-terminal sequence in S. elongatus 7942 and Synechocystis 6803 CAs is essential at localizing CAs near RuBisCO within a carboxysome (So and Espie 1998) .
The human CA gene was expressed in S. elongatus 7942 to further evaluate the mandatory localization of CA in the carboxysome (Reinhold, Zviman and Kaplan 1987) . In conductance and flux models of CO 2 and HCO 3 − permeability across the cellular membrane and carboxysomes' protein sheath, CO 2 is predicted to have a much higher permeability across the cellular membrane than the carboxysome (Reinhold, Zviman and Kaplan 1987) . The expression of CA in high CO 2 conditions inhibited accumulation of inorganic carbon, causing a 152-fold increase in the apparent K m for CO 2 in RuBisCO, a decrease in intracellular inorganic carbon accumulation and a decrease in O 2 evolution (Price and Badger 1989) . The presence of cytosolic CA dramatically impedes the rate of carbon fixation and promotes the diffusion of dissolved CO 2 out of the cell. Therefore, for an efficient CCM, CA must be localized in the carboxysome where diffusion of CO 2 across the carboxysome (10 −5 cm/s) is significantly slower than CO 2 crossing the cellular membrane (10 −2 cm/s).
This allows for concentration of CO 2 near RuBisCO for fixation into the CB cycle.
Since inorganic carbon exist in the forms H 2 CO 3 , HCO 3 − and CO 3 −2 in biological systems, shifts in pH can also directly affect the efficiency of the CCM (Mangan et al. 2016) . Since RuBisCO has low specificity to CO 2 , increasing accumulation of inorganic carbon by shifting pH can force the selectivity of RuBisCO toward CO 2 over O 2 . At pH = 7.5, RuBisCO has its highest carboxylation catalytic rate. At cytosolic pH range between 7.5 and 8.5, the energetic cost of carbon fixation is reduced due to reduced HCO 3 − transportation costs into the cytosol. The pH range is within the natural biological pH levels of S. elongatus 7942 in dark (7.3) and light (8.4) conditions (Mangan et al. 2016) . Seen in the modeling of cytosolic CA, HCO 3 − is two orders of magnitude more permeable across the carboxysome protein sheath than the cellular membrane (Reinhold, Zviman and Kaplan 1987) . This prompted genomic integration of E. coli CA genes in S. elongatus 7942 (Chen et al. 2012) . cynT and can encoding CAs tagged with a secretory signal PilA enabled transformed strains to secrete extracellular CAs into the culture medium, while native intracellular CAs remained within the carboxysome for hydration of CO 2 . This enhanced hydration of dissolved CO 2 into HCO 3 − allowing for faster inorganic carbon diffusion into the cell for carbon fixation and biomass production (Chen et al. 2012) . PilA-tagged CynT and Can strains that have extracellular CA exhibited 1.4 times greater CO 2 fixation rates compared to the wild type and biomass production also increased by 1.3-fold. The increased availability of intracellular HCO 3 − promoted diffusion across the carboxysome allowed for intracellular CA to rapidly interconvert HCO 3 − into the less permeable CO 2 . With the increased availability of CO 2 in close proximity of RuBisCO, enzymatic activity will be skewed toward selecting CO 2 for fixation into photosynthesis.
Carboxysomes
Carboxysomes are icosahedral-shaped microcompartments essential in co-localizing RuBisCO and CA (Reinhold, Zviman and Kaplan 1987; Price and Badger 1989; Cameron, Wilson and Bernstein 2013) . Protein subunits encoded by the CcmLMNO/K2 operon direct the proper formation of these microcompartments. First, CcmM initiates the aggregation of RuBisCO and forms a procarboxysome at one pole of the cell. CcmN/O/K2 further encloses the procarboxysome with encapsulation peptides, and the carboxysome is released into the cytosol by CcmLdirected detachment from the cellular membrane. Each ccm gene is essential to carboxysome formation. Knockouts of these genes resulted in cells with hindered photosynthetic capacity and some with high CO 2 requiring phenotypes (Cameron, Wilson and Bernstein 2013) , supporting carboxysomes are essential in the spatial organization of RuBisCO and CA to localized pockets of CO 2 . Overexpression of ccmM genes, M58 and M35, in S. elongatus 7942 has also shown that tight regulations of these two genes are crucial in the proper development of carboxysomes and recruitment of carboxysomal CA, CcaA. CcaA levels are proportional to the magnitude of M58 overexpression and indirectly proportional to M35 overexpression (Long et al. 2011) . In addition to a well-defined architecture, carboxysomes are also specifically arranged within the cell. Carboxysomes are evenly spaced in the cytosol along the length of S. elongatus 7942 with 3.7 carboxysomes per cell (Savage et al. 2010) . Deletion of a cytoskeletal gene, parA, led to disordered carboxysome organization, but did not affect cellular morphology. parA deletion strains had unevenly spaced carboxysomes; thus, ParA must be involved in connecting and spacing adjacent carboxysomes (Savage et al. 2010) .
OPTIMIZING CYANOBACTERIA GROWTH RATES
Slow growth of cyanobacteria is an obstacle in industrial applications using cyanobacteria and has been a focus for improvement. A method for increasing biomass production has been developed by optimizing the production and consumption of ATP and NADPH in photosynthetic light and dark reactions (Zhou et al. 2016) . From theoretical calculations, the light reactions generate 2.57 ATP and 2 NADPH, while the dark reactions consume 3ATP and 2 NADPH (Kramer and Evans 2011) . Enhancing ATP production in the light reactions can increase both photosynthetic efficiency and biomass production, but will result in an excess of 0.33 NADPH. Integration of a three-gene isopropanol biosynthetic pathway has shown to optimize intracellular levels of both energy cofactors. Expression of an NADPH-dependent secondary alcohol dehydrogenase, sADH from C. beijerinckii, created an electron sink and reduced intracellular NADPH by 40%. As a result, this electron sink increased ATP production by 59%, increased biomass production by 81% and enhanced oxygen evolution rates by 87% compared to wild-type Synechocystis 6803 (Zhou et al. 2016) .
In emerging studies of a distant cyanobacteria relative to S. elongatus 7942, the fast growing Synechococcus elongatus UTEX 2973 (here after S. elongatus 2973) has also expanded the understanding of limited growth rates in S. elongatus 7942 and has been shown to be a responsive strain to genetic manipulation (Yu et al. 2015) . Under high CO 2 and continuous light illumination conditions, S. elongatus 2973 has exhibited a shorter doubling time of 2.3 h, compared to S. elongatus 7942's rate of 8.5 h. From genomic analysis, there is only a 2% difference between S. elongatus 2973 and S. elongatus 7942. A total of 55 identified single nucleotide polymorphisms and indels have been identified and assigned to their corresponding genes. Some of the identified single nucleotide polymorphisms were involved in nucleotide substitutions of genes in biochemical pathways, hinting at the possibility of single nucleotides polymorphisms playing a role in the fast growth rate in S. elongatus 2973.
Combining multiple sources of genome sequencing of S. elongatus 7942 and S. elongatus 2973, genome-scale metabolic models have been developed to identify the main metabolic differences and to connect gene-protein-reaction relationships that contribute to the fast growing phenotype of S. elongatus 2973 (Mueller et al. 2017) . From the comparison of biomass composition between these two strains, S. elongatus 7942 distinctly has higher levels of glycogen and stearic acid expression, while S. elongatus 2973 has elevated levels of amino acids. This variation in biomass composition is attributed to differences in rates of CO 2 uptake and carbon flux through biochemical pathways. Also, analysis of S. elongatus 7942 and S. elongatus 2973's cellular morphology using electron microscopy has detected electron dense pockets in S. elongatus 7942, but not S. elongatus 2973, that are associated with glycogen storage. Allocation of carbon toward glycogen synthesis and storage may be a factor in the stunted growth in S. elongatus 7942, whereas flux toward amino acid synthesis may be providing necessary metabolites that promote cellular growth.
CONCLUSIONS
Advancements in reducing atmospheric carbon through cyanobacteria biosequestration have made significant progress. By understanding the relationship between each component of the evolutionarily derived CCM, genetic integration and metabolic rewiring are able to compensate for the limitations of RuBisCO and the CB cycle (Shih et al. 2014; Kanno, Carroll and Atsumi 2017) . As a secondary benefit of CO 2 fixation in cyanobacteria, industrial-relevant chemical products can be derived from using the organism's natural cell machinery and a few additional integrated genes. With the availability of the fast-growing S. elongatus 2973, bioproduction of industrial and petroproducts should be tested for in this strain alongside with current engineered S. elongatus 7942 and Synechocystis 6803 strains to examine how rapid growth would contribute to CO 2 sequestration and titer levels. Possible differences between their CCMs may provide additional insight to increasing CO 2 fixation rates.
Although cyanobacteria-derived products are heading toward titers that are competitive to current industrial synthetic methods, there are concerns about the limitations between maintaining cellular health and production of desired products (Oliver and Atsumi 2015) . While some products are naturally produced in small amounts in S. elongatus 7942 and Synechocystis 6803, the toxicity effects from increased production or production of unnatural compounds are of concern. Further studies to perturb the mechanisms of toxicity may pinpoint unknown by-products causing cellular stress. Tools such as genome-scale metabolic models and flux balance analysis can be used to predict the metabolic differences among wild-type, engineered strains and mutants from directed evolution experiments that exhibit enhanced cellular fitness (Knoop et al. 2013; Broddrick et al. 2016; Mueller et al. 2017) .
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